Abstract We investigated the relationship between an individual's center of pressure in the anteroposterior direction in quiet standing (QS) and perceptibility of different standing positions. The position of the center of pressure in the anteroposterior direction (CoPy position) while standing was represented as the percentage distance (%FL) from the hindmost point of the heel in relation to foot length. CoPy position in QS was located from 31 to 58%FL. Perceptibility of standing position was evaluated by the difference between the reference position and the subject's attempt to reproduce that position. Subjects were tested for their ability to reproduce reference positions selected randomly from a total of 13 positions at 5%FL increments from 20 to 80%FL. Using an approximation formula curve, we identified the relationship between reference position and reproduction absolute error. The standing position range with reproduction error exceeding 90% of the difference between the maximum and minimum errors was defined as the low perceptibility range of standing position. The approximation curve had one peak near QS. CoPy positions in QS were located in the low perceptibility range, except for five subjects with a more posterior location. The correlation coefficient between CoPy positions in QS (x) and reference position (y) showing maximum error was 0.70 and the regression line was yϭ0.464xϩ28.2; the intersection point with yϭx was 53%FL. Reproduction absolute errors in reference positions at 20-30%FL and 70-80%FL were significantly smaller than those at 40-60%FL (pϽ0.05). We concluded the following. (1) Standing positions showing the lowest perceptibility are located close to the QS position; however, in subjects whose QS position is located more posteriorly, the standing position showing maximum error is more anterior. (2) Perceptibility of extreme forward-and backward-leaning positions is very high and independent of individual QS position.
Introduction
In humans, basic voluntary movement while standing requires background postural control, and voluntary actions of focal muscles automatically accompany activation of postural muscles (Brooks, 1986) . Positional perception in standing is thought to be involved in the integration of various types of sensory information from mechanoreceptors, muscle spindles, vestibules, and the eyes. The stability of standing posture and the relationship between body and environment are thought to be specifically characterized to establish the sensory reference frames in positional perceptions (Gurfinkel and Levic, 1991; Kavounoudias et al., 2001; Shiffman, 1990) . In the positional perception of standing posture, sensory weighting for different types of information is considered to be reconstructed based on the sensory reference frames (Horak and Macpherson, 1996; Bair et al., 2007; Feldman, 2009) . The existence of these reference frames has been demonstrated by the illusionary perception of joint movement induced by muscle vibration with the joints fixed (Roll et al., 2002; Fujiwara et al., 2003a) . The positional perception obtained in many studies is not limited only by Weber-Fechner's law, which applies to the relation between intensity of sensory stimulation and perception, but could also be explained by the existence of sensory reference frames.
Previously, perceptual specificity of body posture has been mainly investigated in relation to perceptional threshold of joint movement and reproduction errors of joint position (Deshpande et al., 2003; Gilsing et al., 1995; Horch and Clark, 1975; Petrella et al., 1997; Refshauge and Fitzpatrick, 1995; Skinner et al., 1984) . For example, the method of positional reproduction has at least two types, including passive reference of target position and active reproduction of the position of a joint, and passive reference of target position in a limb on one side and active reproduction of the position on the opposite side (Horch and Clark, 1975; Konradsen et al., 1993) . However, these methods are subject to many problems, such as: 1) passive and active muscle contractions, 2) differing sensibility between the two limbs, 3) the necessity of comparing sensory information between the two sides, and 4) the influence of movement distance until the reference position (range effect: Lloyd, 1968) .
To address these problems, various improvements have been made, including: 1) standing on both feet, 2) active forward or backward leaning for reference and reproduction, and 3) free start from a quiet standing (QS) position for reproduction. After making these changes, the authors investigated perception of standing position in the anteroposterior direction with the eyes closed, focusing on somatosensory information (Fujiwara et al., 1999) . In this study, the position of the center of pressure in the anteroposterior direction (CoPy position) in standing and the skeletal points of the foot were represented as the percentage distance (%FL) from the hindmost point of the heel in relation to the foot length. In subjects with CoPy position in QS located from 40 to 50%FL, the range of standing positions which were difficult for them to accurately locate was closer to the QS position. Therefore, the low perceptibility range may be related to the high stability range of standing posture (Fujiwara et al., 1999) . CoPy position in QS is known to vary considerably among individuals, ranging from 30 to 60%FL (Fujiwara et al., 1985) . Thus, for different individuals it is necessary to consider the relationship between CoPy position in QS and perceptibility of standing positions distributed between 30 and 60%FL.
In CoPy positions more posterior than 30%FL and in those more anterior than 60%FL, electromyographic (EMG) activity of the leg muscles and foot pressure distribution are reported to change considerably (Asai and Fujiwara, 2003; Cavanagh et al., 1987; Fujiwara and Ikegami, 1981; Fujiwara et al., 1984 Fujiwara et al., , 1985 Okada and Fujiwara, 1984, Weijers et al., 2003) . In those positions, positional perceptibility is particularly high compared with positions near QS (Fujiwara et al., 1999) . Therefore, the large change in sensory information may provide important cues for perception of the standing position in anteroposterior direction (Asai and Fujiwara, 2003; Kavounoudias et al., 2001; Roll et al., 2002) . In standing positions far from QS, stability of standing posture decreases considerably (Fujiwara and Ikegami, 1981; Fujiwara et al., 1984 Fujiwara et al., , 1985 , and changing patterns of leg muscle activity and foot pressure distribution are relatively similar between individuals (Asai and Fujiwara, 2003; Fujiwara and Ikegami, 1981; Fujiwara et al., 1984 Fujiwara et al., , 1985 . Consequently, in those positions, it is assumed that the sensory reference frame is constructed related to the decreasing stability of standing posture, and that perceptibility of standing positions is very high, regardless of the individual's QS position.
We investigated the relationship between individuals' CoPy position in QS and their perceptibility of standing position in the anteroposterior direction. Hypotheses were as follows: 1) perceptibility of standing positions would be lower in standing positions close to QS; and 2) positional perceptibility would be considerably higher in standing positions far from QS, independently of the individual's CoPy position in QS.
Methods

Subjects
Subjects were 36 healthy undergraduates (15 men and 21 women) who appeared free from neurological and orthopedic impairments. Their mean age, height, weight, and foot length were 21.4 years (standard deviation (SD)ϭ2.7), 164.8 cm (SDϭ7.0), 57.6 kg (SDϭ8.5), and 24.1 cm (SDϭ1.4), respectively. In accordance with the Declaration of Helsinki, all subjects gave informed consent to the experimental protocol, which was approved by our institutional ethics committee.
Apparatus
An instrument designed to measure foot form (Fujiwara et al., 1981) was used to assess the skeletal structure of the right foot. A force platform (WA1001; WAMI, Tokyo, Japan) composed of three load cells was used to determine CoPy positions while subjects were standing with eyes closed and bare feet touching slightly (Fig. 1) . The y-direction of the force platform corresponded to the anteroposterior direction of the body. The CoPy position was calculated according to the formula shown below:
(l: distance from the F1 load cell to a straight line connecting the load cells of F2 and F3, 400 mm, m: distance from the F1 load cell to the hindmost point of the heel, 100 mm.)
The electrical CoPy signal was sent to two computers (PC-9801 RX2; NEC, Tokyo, Japan) via A/D converters (PIO-9045; I/O DATA, Kanazawa, Japan) with 12-bit resolution.
One computer was used to analyze the mean standing position for an arbitrary time with a 20-Hz sampling rate. Another computer was used to present the subjects with the cue for a given reference position with a 1000-Hz sampling rate. When the subject had adjusted CoPy position within a range of Ϯ1 cm from the reference position, a buzzer sound was generated as a cue.
In the perceptibility test, subjects used a small switch (weighing 20 g) held in the right hand to indicate to the experimenter that they had reproduced the reference position.
Procedure
All measurements were performed with the subjects standing barefoot on the platform. The following morphological features of the right foot were initially measured: 1) foot length; and 2) the heads of the first and fifth metatarsals, the tuberosity of the navicular bone, and the distal ends of the tibia and fibula. Thereafter, subjects stood with closed stance and eyes shut. CoPy positions were measured for 3 s each while maintaining QS posture and extreme backwardand forward-leaning postures. During extreme leaning, subjects were instructed to move the body as slowly as possible with the ankles acting as pivotal axes and to maintain the geometrical interrelation among the body segments that was presented during QS. Five measurements of QS posture and three of each extreme leaning posture were taken, with a 30-s seated rest period between them.
Next, the subject's reproductions of reference positions were measured. Perceptibility of a reference position was evaluated as the accuracy of its reproduction. There were 13 reference positions, set at 5%FL increments from 20 to 80%FL, and reproductions of each position were conducted seven times. An experimental block consisted of seven random reference positions repeated 13 times with a seated rest of 3 min between each block. Each reference position was reproduced according to the following procedure with reference to our previous study (Fujiwara et al., 1999) (Fig. 2). (1) Subjects maintained the QS posture for 3 s. (2) They voluntarily and slowly (within 10 s) moved their standing position by forward or backward leaning until the buzzer sounded (the reference position) with the ankles as pivotal axes, and then maintained and perceived the position for 3 s. (3) Without returning to the QS position, they sat on a chair behind the force platform for 3 s. (4) They then stood up, maintained the QS posture for 3 s, and reproduced the reference position. They pressed the switch when they judged themselves to be standing in the reference position and maintained this position for 3 s.
In each case the time elapsed from initially memorizing the reference position to reproducing it was within 20 s, within the limits of short-term memory (Schmidt, 1991) .
Data analysis
For each subject we calculated the mean CoPy positions for 3 s while maintaining the following postures: QS, extreme backward and forward leaning, and leaning during perceiving and reproducing each reference position. For each position, the mean value of repeated measurements is reported as the subject's representative value.
The measured reproduction absolute error (absolute error) was calculated using the following formula: Absolute errorϭ|reproduced positionϪreference position|.
For each subject, the relationship between reference position and absolute error were approximated by polynomial expression (second-order to eighth-order) with the highest contribution ratio (r 2 ). The correlation coefficient of this approximation was transformed by Fisher's Z-transformation and the mean Z value of all subjects was calculated. Using an approximation formula, the maximum value of reproduction absolute error (the maximum error) and the minimum value of absolute error (the minimum error) were calculated. The CoPy position indicating the maximum error was defined as the maximum error position. The range of CoPy position where absolute error exceeded 90% of the difference between the maximum and minimum errors was defined as the low perceptibility range of standing position (Fig. 3) , at which anterior or posterior end positions were calculated. The relationship between the QS position (x) and the maximum error position (y) for all subjects was approximated by linear regression formula, then the intersection point between this regression formula and yϭx was calculated. In addition, the relationships between the QS position (x) and the anterior or posterior end positions of the low perceptibility range (y) were approximated by linear regression formulas.
Statistical analysis
Shapiro-Wilk tests confirmed that all data were normally distributed. Pearson correlations were used to assess the relationships between the extreme forward-or backwardleaning positions and each morphological measurement of the foot, and between CoPy position in QS and the following parameters: foot measurements, maximum error position, and anterior and posterior end positions of the low perceptibility range. One-way repeated-measures analysis of variance (ANOVA) was used to study the effect of reference position on absolute errors. Post-hoc multiple comparison analysis using Tukey's HSD test was used to assess significant differences found by ANOVA. Analysis of covariance was used to assess the differences in the regression coefficients between CoPy position in QS and the following parameters: the maximum error position and the anterior and posterior end positions of the low perceptibility range. The alpha level was set at pϽ0.05. All statistical analyses were performed using SPSS 14.0J (SPSS Japan, Tokyo, Japan).
Results
CoPy positions in QS and extreme forward-and backwardleaning postures, morphological measurements of the foot, and correlations between CoPy position in QS and foot measurements are shown in Table 1 . For CoPy position in QS, the mean value was 44.5%FL (SDϭ7.7) and the range was 31.4-57.7%FL. Therefore, CoPy position in QS was on average located anterior to the ankle joint, between the distal ends of the tibia and fibula, and posterior to the head of the fifth metatarsal. The mean position of the navicular tuberosity was 36.8%FL (SDϭ2.2), and CoPy position in QS showed a significant but weak correlation only with this position (rϭ0.35, pϽ0.05). The mean position of extreme forward leaning was 82.4%FL (SDϭ1.5), located anteriorly to the head of the first metatarsal. Mean CoPy position in extreme backward leaning was 18.6%FL (SDϭ1.9), posterior to the distal end of the tibia. No significant correlations were found between extreme forward-or backward-leaning positions and foot measurements.
The mean contribution ratio (r 2 ) was 0.74 (rϭ0.86, range 0.57-0.98). Figure 3 shows the relationship between absolute error and reference position in a subject whose CoPy position in QS was 43%FL. In all subjects, absolute error showed a unimodal distribution with the maximum peak near the QS position and a decrease towards extreme forward and backward positions.
The mean position of maximum error was 48.8%FL (SDϭ4.8). A significant correlation was found between CoPy position in QS and the maximum error position (rϭ0.70, pϽ0.01) (Fig. 4) . This regression line was yϭ0.464xϩ28.2, and its intersection point with yϭx was at 53%FL. The mean of the low perceptibility range of standing position was 16.8%FL (SDϭ3.1). Significant positive correlations were found between CoPy position in QS and both the anterior and posterior end positions of this range (anterior end position: rϭ0.61 (pϽ0.01), posterior end position: rϭ0.68 (pϽ0.01)) (Fig. 4) . No significant differences were recognized among these regression line slopes. Almost all CoPy positions in QS were located in the low perceptibility range, except for five subjects with more posterior location (shown by open circles in Fig. 4 ) in whom the backward position of the low perceptibility range was anterior to the QS position (i.e., above the line of yϭx). In these subjects, the standing position showing maximum error and the low perceptibility range were more anterior.
A significant effect of reference position on absolute error was found (F 12, 420 ϭ56.3, pϽ0.001) (Fig. 5) . No significant differences were found among absolute errors when reference positions with CoPy at 40-60%FL were reproduced. Absolute errors at 20-30%FL and 70-80%FL were significantly smaller than those at 40-60%FL (pϽ0.05).
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Discussion
CoPy position in QS showed a significant but weak correlation only with the navicular tuberosity position. This could be related to the fact that the navicular bone is located at the top of the medial longitudinal arch of the foot (Kapandji, 1970) . No significant correlations were found between extreme forward-or backward-leaning positions and foot measurements. Because the SDs of the extreme leaning positions were very small, and extreme forward-and backward-leaning positions are strongly influenced by the relative muscle strengths of the toe flexors and dorsal and plantar flexors (Fujiwara et al., 1985) , it is possible that individual differences in relative muscle strengths were small. Therefore, we can discuss the relationship between CoPy position in QS and perceptibility of standing position without considering the differences between individuals' muscle strength and foot shape.
CoPy position in QS was significantly correlated with the maximum error position and forward and backward end points of the low perceptibility range, and the slopes of these regression lines were almost equal. The QS position was located within the low perceptibility range, with the exception of the five subjects mentioned below. The low perceptibility range was thus fairly constant (16.8%FL) and its position changed according to the QS position. In addition, the low perceptibility range was located between 30%FL and 60%FL, where postural stability was reportedly as high as that in the QS position . At approximately 30%FL, changes in muscle activations between the triceps surae and tibialis anterior have been observed, and in positions posterior to 60%FL, little activation of the toe flexors has been found . Furthermore, the low perceptibility range was located between positions of the distal ends of the tibia and the head of the fifth metatarsal, which was within the longitudinal arch that was structurally stable . Stability during maintenance of standing posture within the low perceptibility range should therefore be high. Thus we consider that the standing posture is controlled relatively automatically by the lower neural centers and that it would therefore be difficult to perceive the standing position within this range based on proprioceptive information.
In this study, among the subjects whose QS position was located posterior to 53%FL, those with a more backward QS position had a maximum error position anterior to the QS position. In this situation, when subjects maintain a standing posture at a more backward CoPy position, the stretch reflex, one of the postural reflexes, would not be easily induced because the muscle length of the triceps surae would be relatively short. However when they maintain a forwardleaning posture, the muscle is stretched and therefore the reflex is easily induced. During maintenance of standing posture, the spindles of the lower leg muscles should be biased to enhance muscle sensor sensitivity (Granit, 1970) . In accordance with this, postural control becomes more automatic and perceptibility of the position may become diminished. In addition, distance from standing position to the stability limit in the support base is a factor affecting perceptibility of standing position. The distance between the posterior end of the stability range of standing position (about 30%FL) and extreme backward leaning position is about 10%FL. On the other hand, the distance between the anterior end of this range and extreme forward-leaning position is about 20%FL. Thus the posterior end of the stability range has a smaller margin for standing than the anterior end. We consider that the five subjects with a more posterior location of the QS position, including three in whom the QS position was close to 30%FL, had a relatively high perceptibility of the QS position, as result of this factor as well as of the above-mentioned spindle bias. The posterior end of the stability range corresponds to the position where activation of the tibialis anterior increases sharply when CoPy is gradually shifted backward. Therefore sensory information related to this increase of muscle activation may provide positional information relating to the posterior end of the stability range. However, the position where activation of the tibialis anterior increases sharply (Ն30%FL) is reported to have a certain level of interindividual difference (SDϭ2.5%FL) , which may be a cause of variation in the perceptibility of the backward standing position.
For these five subjects the question arises of why they maintained QS in such a position. In our previous study (Fujiwara et al., 2003b) , we investigated differences in changes in muscle activation of the biceps femoris and rectus femoris according to the CoPy position in subject groups who were divided based on QS position (Forward, Middle, and Backward groups). CoPys in QS for those groups were 52, 43, and 33%FL, respectively. The reciprocal activation changes in muscle activation of the biceps femoris and rectus femoris occurred at positions anterior to CoPys in QS in the Middle and Backward groups (Fujiwara et al., 2003b) . From these results, it is possible that factors determining the QS position are somatosensory information and muscle activities not only relating to the lower leg and foot, but also to the thigh.
Reproduction absolute errors at positions anterior to 70%FL and posterior to 30%FL were significantly smaller than those at 40-60%FL. No significant differences were found in the reproduction absolute errors between 20-25%FL and 75-80%FL; errors at these positions were less than 3%FL, regardless of the QS position. This suggests that in standing positions far from the QS position perceptibility of the standing position is high in all subjects. The higher perceptibility in the backward-leaning positions is likely related to remarkable changes of stability and muscular sensory information according to the CoPy backward shift as mentioned above (Fujiwara et al., 1985; Okada, 1972) . In addition, distribution of heel pressure was reported to change considerably at positions more posterior than 20%FL (Cavanagh et al., 1987; Fujiwara et al., 2005) . The higher perceptibility in the forward-leaning positions appears to be related to the remarkable increase in hallux pressure and the activity of abductor hallucis at about 70%FL (Asai and Fujiwara, 2003) . Individual differences in these changes are known to be minor (Asai and Fujiwara, 2003; Fujiwara et al., 2005 Fujiwara et al., , 1984 . Therefore, in extreme forward-and backwardleaning positions, drastic changes occur in stability and sensory information, which would contribute to increasing the perceptibility of standing positions (Asai and Fujiwara, 2003; Fujiwara et al., 2005) . In addition, this high perceptibility is likely related to recognition of these extreme forward-and backward-leaning positions as being near the limit of maintaining standing posture.
In conclusion, (1) standing positions showing the lowest perceptibility are located close to the QS position. However, in subjects whose CoPy position in QS is located more posteriorly, the standing position showing maximum error is more anterior. (2) Perceptibility of extreme forward-and backward-leaning positions is very high and independent of an individual's QS position.
